Purpose: The benzalkonium chloride (BAK) content of tafluprost ophthalmic solution (Tapros Ò : tafluprost) has been reduced to balance corneal safety and preservative effectiveness (old formulation: 0.01%; new formulation: 0.001%). However, no reports have been published on its clinical effect. Therefore, we conducted a clinical research study to compare the safety of BAK-reduced tafluprost on the ocular surface with other prostaglandin ophthalmic solutions. Methods: This clinical study included 28 glaucoma patients (28 eyes) with a treatment history of latanoprost ophthalmic solution (Xalatan Ò ) or travoprost ophthalmic solution (Travatan Z Ò ), who presented with corneal epithelial disorders. The subjects were switched to BAK-reduced tafluprost, and its effect on the ocular surface was examined after 1 and 2 months of treatment [using fluorescein staining score, hyperemia, tear film breakup time, and intraocular pressure (IOP) lowering]. Results: In all analyzed subjects (N = 27), the fluorescein staining score was significantly improved after switching to BAK-reduced tafluprost (P < 0.0001). Conversely, the IOP-lowering effect was not notably changed. The subjects switched from latanoprost (n = 10) showed significant improvement in fluorescein staining score (P < 0.05) as well as in IOP lowering (P < 0.01). The subjects switched from travoprost (n = 17) also showed significant improvement in fluorescein staining score (P < 0.001), but without a significant change in IOP lowering. Conclusions: Tafluprost with reduced BAK has potential as a superior antiglaucoma drug, not only for its IOPlowering effect, but also for its good corneal safety profile.
Introduction
G laucoma often requires topical drug treatment over an extended period because of its chronic nature. If 1 drug is not adequate for treatment, multiple concomitant drugs are often prescribed. Benzalkonium chloride (alkyl dimethylbenzylammonium chloride: BAK), which is included in many ophthalmic drugs as a preservative, is known to be cytotoxic toward corneal epithelial cells, based on the results of in vitro 1 and in vivo [2] [3] [4] studies. Meanwhile, in the clinic, there are many reports of glaucoma patients developing ocular surface disorders as a result of long-term treatment with multiple glaucoma ophthalmic drugs.
Tafluprost ophthalmic solution 0.0015% (Tapros Ò ; Santen Pharmaceutical Co. Ltd., Osaka, Japan; tafluprost), a prostaglandin analogue for glaucoma treatment, recently had its BAK level optimized 5 by reduction from the conventional 0.01% to 0.001%. An in vitro study on cultured human corneal epithelial cells showed that its corneal safety was comparable to a BAK-free tafluprost formulation. 6 In contrast, 0.005% latanoprost ophthalmic solution (Xalatan Ò ; Pfizer Inc., New York, NY; latanoprost) contains 0.02% BAK, while 0.004% travoprost ophthalmic solution (Travatan Z Ò ; Alcon Laboratories Inc., Fort Worth, TX; travoprost) contains zinc chloride (sofZia Ò ) instead of BAK as a preservative. Although previous clinical studies have verified that BAK-free tafluprost shows superior corneal safety compared with latanoprost or travoprost, 7-9 information on the efficacy and safety of BAK-reduced tafluprost is of clinical importance because it is more widely used in the clinic than preservative-free tafluprost. However, no reports are available to date. The purpose of this study was to assess the safety of BAK-reduced tafluprost on the ocular surface and its intraocular pressure (IOP)-lowering effect in glaucoma patients in comparison with other prostaglandin ophthalmic solutions.
Methods

Patients
This research study included patients with primary or secondary glaucoma and ocular hypertension, with IOP £ 30 mmHg, who had used latanoprost or travoprost for 3 months or longer and presented with superficial punctate keratitis (SPK) identified by fluorescein corneal staining. Patients were excluded based on the following criteria: < 20 years of age; use of more than 2 concomitant nonprostaglandin ophthalmic drugs for treatment of diseases other than glaucoma; presence of active extraocular disease, including allergies, inflammation of the eye or eyelids, infections, or diabetes, which may interfere with assessment of improvement in corneal epithelial disorders; requirement for contact lens wear; history of corneal refractive surgery or corneal transplant; or history of intraocular or extraocular surgery within 3 months of the study.
The patients provided informed consent following a full explanation using appropriate documents. The study was conducted in accordance with the Declaration of Helsinki, and approved by the Nagasaki University Hospital Clinical Research Investigational Review Board, as well as the Nagasaki Genbaku Hospital Clinical Research Committee.
Methods
Superficial punctate keratitis, an indicator of corneal epithelial injury, was selected as the primary endpoint, and the NEI/I Method 10 was used for assessment. In the NEI/I Method, the cornea is divided into five sections: central; superior; temporal; nasal; and inferior. The density of fluorescein punctate staining in each section was scored as follows: 0 = none; 1 = sparse; 2 = dense; and 3 = coalesced. For conjunctival hyperemia, a 5-point grading scale (0 = none; 1 = mild; 2 = moderate; 3 = severe; and 4 = very severe) was used. 11, 12 The cornea or tear fluid was stained with fluorescein test paper, and observations were made of SPK and tear film breakup time (BUT) under a slitlamp microscope. For all evaluations, the same investigator examined the same subject throughout the study period. Corneal staining score and conjunctival hyperemia were assessed using grading scales, and single grading tables with reference photographs were used to unify the evaluation criteria. If both eyes were eligible, the eye with the higher fluorescein staining score was selected as the study eye (if the scores were the same, the right eye was selected). If the subject used only 1 concomitant nonprostaglandin glaucoma ophthalmic drug, it was continued. If the subject had been receiving drug treatment for a corneal epithelial disorder, such as sodium hyaluronate ophthalmic solution (HA), it was discontinued at the beginning of the study. IOP was measured with an applanation tonometer, with the measurements taken in an unblinded manner.
Statistical analysis
For statistical analyses, the data before and after switching to BAK-reduced tafluprost were compared. The fluo-rescein staining score and IOP were analyzed by a paired t-test, and BUT and conjunctival hyperemia were analyzed by the Wilcoxon signed-rank test. The significance level was 5% on both sides. JMP 10.0 (SAS Institute, Tokyo, Japan) was used as the analytical software.
Results
Patient distribution and background
Of the 28 subjects (28 eyes) enrolled, 7 subjects were taking HA for a corneal epithelial disorder and 2 subjects (2 eyes) discontinued the study. Both of these subjects had been receiving treatment for a corneal epithelial disorder (Hyalein 0.1% Ò ; Santen Pharmaceutical Co. Ltd., Osaka, Japan). One discontinued the study because worsening of the SPK score at week 4, and the data for this subject were included in the statistical analyses. The other subject was not included in the statistical analyses because the patient withdrew from the study, and there were no data available after tafluprost treatment. Consequently, 27 subjects (27 eyes) were included in the final analysis and their details are shown in Table 1 . The study group consisted of 12 males and 15 females, with a mean age ( -SD) of 65.3 -12.0 years. The glaucoma types were as follows: primary openangle glaucoma, 8 subjects; normal tension glaucoma, 16 subjects; angle closure glaucoma, 2 subjects; and exfoliation glaucoma, 1 subject. Ten subjects (10 eyes) were switched from latanoprost and 17 subjects (17 eyes) were switched from travoprost. In the final analysis set, 6 subjects (6 eyes) were treated for a corneal epithelial disorder. Six subjects used concomitant antiglaucoma drugs, with 3 subjects taking 1% carteolol ophthalmic solution (Mikelan LA Ò ; Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan), 2 subjects taking bunazosin ophthalmic solution (Detantol Ò ; Santen Pharmaceutical Co. Ltd., Osaka, Japan), and 1 subject taking 0.5% timolol ophthalmic solution (Rysmon TG Ò ; Kissei Pharmaceutical Co. Ltd., Matsumoto, Japan).
Safety and efficacy
Fluorescein staining scores. In all 27 analyzed subjects, the staining scores (mean -SE) at the beginning of treatment (baseline), and after 1 and 2 months of treatment were 3.67 -0.40, 2.33 -0.40, and 1.88 -0.30, respectively. After 1 and 2 months of treatment, significant decreases in the staining scores (P < 0.0001) were found compared with baseline ( Fig. 1A ). In the subjects switched from latanoprost (n = 10), the staining scores at baseline, and after 1 and 2 months of treatment were 3.90 -0.70, 2.80 -0.80, and 2.56 -0.70, respectively, with the staining score after 2 months of treatment showing a significant decrease (P < 0.05) compared with baseline ( Fig. 1B) . Furthermore, in the subjects switched from travoprost (n = 17), the staining scores at baseline, and after 1 and 2 months of treatment were 3.53 -0.60, 2.06 -0.40, and 1.53 -0.30, respectively, with the staining scores after 1 and 2 months of treatment showing significant decreases (P < 0.0001) compared with baseline (Fig. 1C ). Corneal staining scores improved in 78% (21/27), were unchanged in 15% (4/27), and worsened in 7% (2/27) ( Fig. 2A ). In the group switched from latanoprost (n = 10), 70% (7/10) had improved, 10% (1/10) were unchanged, and 20% (2/10) had worsened (Fig. 2B ). In the group switched from travoprost (n = 17), 76% (13/17) had improved, 24% (4/17) were unchanged, and 0% (0/17) had worsened (Fig. 2C) .
Conjunctival hyperemia scores. In all the analyzed subjects, the conjunctival hyperemia scores (mean -SE) at baseline, and after 1 and 2 months of treatment were 0.52 -0.10, 0.44 -0.10, and 0.35 -0.1, respectively, showing a decreasing trend compared with baseline, although the difference was not statistically significant (P = 0.063). In the subjects switched from latanoprost, the conjunctival hyperemia scores at baseline, and after 1 and 2 months of treatment were 0.30 -0.20, 0.40 -0.20, and 0.33 -0.20, respectively, with no significant differences compared with baseline. In the subjects switched from travoprost, the conjunctival hyperemia scores at baseline, and after 1 and 2 months of treatment were 0.65 -0.20, 0.47 -0.20, and 0.35 -0.10, respectively, with the score after 2 months of treatment showing a decreasing trend compared with baseline, although the difference was not statistically significant (P = 0.063).
BUT. In all the analyzed subjects, the BUT values (mean -SE) at baseline, and after 1 and 2 months of treatment were 5.41 -0.40, 5.67 -0.50, and 5.69 -0.50 seconds, respectively, with no significant differences compared with baseline. In the subjects switched from latanoprost, the BUT values at baseline, and after 1 and 2 months of treatment were 5.20 -0.90, 5.20 -0.80, and 5.33 -0.90, respectively, with no significant differences compared with baseline. In the subjects switched from travoprost, the BUT values at baseline, and after 1 and 2 months of treatment were 5.53 -0.50, 5.94 -0.60, and 5.88 -0.60, respectively, with no significant differences compared with baseline.
Treatment drugs for corneal epithelial disorders. There were 7 subjects who had been using a concomitant treatment drug for a corneal epithelial disorder (hyaluronic acid ophthalmic solution). In these subjects, the corneal staining scores improved in 57% (4/7 subjects), remained unchanged in 14% (1/7 subjects), and worsened in 29% (2/7 subjects). Therefore, in 5 of 7 (71%) subjects under HA treatment for a corneal epithelial disorder at baseline, no worsening of the corneal epithelial disorder was seen after switching to tafluprost. Consequently, we were able to discontinue treatment for the corneal epithelial disorder in these subjects.
IOP. In all the analyzed subjects, the IOP values (mean -SE) at baseline, and after 1 and 2 months of treatment were 12.74 -0.40, 12.33 -0.40, and 12.19 -0.40 mmHg, respectively, with no significant changes compared with baseline (Fig. 3A) . In the subjects switched from latanoprost, the IOP values at baseline, and after 1 and 2 months of treatment were 12.80 -0.80, 12.80 -0.90, and 11.44 -0.70 mmHg, respectively, with the value after 2 months of treatment showing a significant IOP-lowering effect (P > 0.01) compared with baseline ( Fig. 3B ). In the subjects switched from travoprost, the IOP values at baseline, and after 1 and 2 months of treatment were 12.71 -0.50, 12.06 -0.50, and 12.59 -0.50 mmHg, respectively, with no significant changes compared with baseline ( Fig. 3C ).
Discussion
In glaucoma drug preparations, it is possible for the active drug itself to affect the ocular surface, rather than just the preservatives. However, in a previous study, human primary subcutaneous pre-adipocytes were exposed to 4 prostaglandin products (bimatoprost, travoprost, latanoprost, and tafluprost), and the formulations themselves did not display any cytotoxicity. 13 In addition, preservative-free prostaglandin ophthalmic solutions have been shown to exhibit very low cytotoxicity against corneal epithelial cells. 14 These findings suggest that the excipients, primarily preservatives, play a major role in the corneal epithelial disorders caused by prostaglandin ophthalmic solutions.
The results of the present study indicate that corneal epithelial disorders were alleviated with BAK-reduced tafluprost in comparison with latanoprost or travoprost. The subjects who were switched from latanoprost to BAKreduced tafluprost showed significant improvement in their corneal disorder, largely because the BAK concentration was one-twentieth of its level in latanoprost. This is similar to the results of previous studies by Uusitalo et al. 7 and Janulevi cien_ e et al., 8 who compared the effects of latanoprost and BAK-free tafluprost. In particular, it should be noted that the corneal disorder was alleviated in subjects who were switched from travoprost to BAK-reduced tafluprost. There have been reports that sofZia Ò -containing travoprost has a superior safety profile for the ocular surface compared with BAK-containing latanoprost. [15] [16] [17] [18] However, the present study showed that BAK-reduced tafluprost caused less corneal injury than travoprost, thereby indicating that the adverse effects of BAK on the cornea can be alleviated by lowering its concentration, while maintaining its effectiveness as a preservative. In the present study, tafluprost showed better corneal safety than travoprost, which could be attributed to their different cytotoxicities against corneal epithelial cells. In a study using cultured corneal epithelial cells, tafluprost showed minimal cytotoxicity, equivalent to preservative-free tafluprost. 6 On the other hand, another report described that travoprost was slightly cytotoxic. 14 The results from these in vitro studies indicate that tafluprost has lower cytotoxicity than travoprost. Based on the results of the present study, we believe that switching from travoprost to tafluprost alleviated the toxicity against corneal epithelial cells, resulting in the decreased SPK scores.
Regarding IOP lowering (the most common effect of antiglaucoma drugs), tafluprost with the reduced preservative content caused significant IOP lowering in subjects switched from latanoprost, while no changes were seen in subjects switched from travoprost. Ranno et al. 19 reported that switching from latanoprost or travoprost to BAK-free tafluprost did not cause any IOP-lowering effects. Conversely, Hommer et al. 9 reported that, in patients with insufficient IOP lowering and subjects who had developed adverse drug reactions (ADRs) in the ocular surface, a further IOP-lowering effect was found by switching from latanoprost to BAK-free tafluprost, and these findings were similar to the results of the present study. The discrepancy may be attributed to the difference in the subject selection methods. As found in the study by Hommer et al. 9 and the present study, there is a possibility that, in patients who have ocular surface ADRs and who are switched to a drug that alleviates the ADR symptoms, there is improved drug adherence, which would result in further IOP-lowering effects. However, in the present study, the subjects switched from travoprost did not show improved IOP lowering. This may be clarified by further investigations. Nevertheless, in the present study, the IOP-lowering effect of BAK-reduced tafluprost was noninferior to latanoprost or travoprost. In the present study, among the subjects who were under treatment for a corneal epithelial disorder at baseline, 71% (5/7) were able to discontinue concomitant corneal disorder treatment drugs (HA). BAK-reduced tafluprost may also enable glaucoma patients to reduce the total number of concomitant ophthalmic solutions. Although increased instillation frequency and negative adherence are not always correlated, 20,21 decreasing the number of ophthalmic drugs should contribute to relieving the burden on patients. 22 In 75% (21/28) of the enrolled subjects, the SPK scores improved by switching their glaucoma drug to tafluprost. Conversely, the SPK scores worsened in 11% (3/28). Of the 3 subjects with worsening of the SPK scores, 2 subjects were using HA for treatment of their corneal epithelial disorder at baseline, and these 2 subjects discontinued HA upon starting tafluprost treatment. Therefore, we believe there is a high possibility that the scores in these patients worsened through discontinuation of the treatment for their corneal epithelial disorder. On the other hand, 1 subject with worsening of the SPK score was switched from latanoprost, and the reason for the worsening remains unclear. The above results indicate that, in a small portion of subjects, SPK would be worsened by switching to tafluprost.
Since the present study aimed to investigate the effect of tafluprost on corneal epithelial disorders, there was no assessment of subjective symptoms. Therefore, it remains unknown whether such symptoms would be improved by switching the treatment drug to tafluprost. Subjective symptom improvement is a very important factor that should be investigated in future studies, because an improvement would lead to improved quality of life for patients, as well as better treatment compliance. We are hoping that the corneal epithelial disorder improvement achieved by switching the treatment drug to tafluprost would also lead to improvement of subjective symptoms. In addition, since the results of the present study were based on patients who presented with SPK, future studies should investigate the effect on patients without SPK. Finally, this study was an exploratory study assessing a very small patient population with a short-term evaluation period (2 months), and the results need to be verified in a large-scale, long-term study.
In conclusion, tafluprost with a reduced preservative content, compared with latanoprost or travoprost, may have an improved corneal safety profile, while maintaining a potent IOP-lowering effect.
